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Relationship between tumour cell morphology, gap junctions and
susceptibility to cytolysis by tumour necrosis factor
N. Matthews & M.L. Neale
Department of Medical Microbiology, University of Wales College of Medicine, Heath Park, Cardiff CF4 4XN, UK.
Summary Tumour necrosis factor (TNF) is directly cytolytic to certain tumour cell lines in vitro, although
TNF-resistant variants can be selected from these susceptible lines by exposure to TNF. While studying TNF-
susceptible L929 cells and their resistant variant, L929/R, we noted that within L929 colonies the cells were
widely spaced whereas they were closely packed in L929/R colonies. L929/R cells also adhered more strongly
to plastic and differed from L929 in cell shape. Similar observations were made with TNF susceptible and
resistant variants of two other cell lines (RK13 and a plastic adherent U937 subline). The tendency of
resistant cells to grow closely together suggests the possibility of inter-cell communication for the TNF
resistant state. However, like L929 and U937, L929/R and U937/R did not communicate by gap junctions
and we could find no evidence of extracellular mediators of TNF resistance. Rather the differences in colonial
morphology, cell shape and plastic adherence may be secondary to an underlying mechanism which defines
TNF susceptibility/resistance.
Tumour necrosis factor (TNF) and the related protein
lymphotoxin are produced predominantly by macrophages
and lymphocytes respectively. Both proteins have a wide
range of biological effects and play key roles in
inflammation and immunity (Beutler & Cerami, 1987; Old,
1987) although, as its name suggests, TNF was originally
identified on the basis of its activity against tumour cells. In
vivo the anticancer activity of TNF may be due to direct
interaction with tumour cells or indirect, mediated via
inflammatory cells and/or tumour endothelium (Fiers et al.,
1987; Haranaka et al., 1987; Palladino et al., 1987). In vitro,
TNF has direct cytocidal or cytostatic effects on certain cell
lines and with few exceptions it acts across species. With
those cell lines that are susceptible to TNF cytolysis it is
relatively easy to select TNF-resistant variants. L929 cells are
one of the most susceptible cell lines to in vitro cytolysis by
TNF and in selecting a TNF-resistant subpopulation we
noted morphological differences between the susceptible and
resistant variants. This observation prompted the studies
described here.
Materials and methods
Materials
Natural rabbit TNF was prepared as described (Taverne et
al., 1984). Human recombinant TNF (rTNF) was kindly
provided by Dr G.R. Adolf (Ernst Boehringer Institute,
Vienna).
Cell lines
Murine L929 cells and the RK13 cell line of rabbit kidney
cells were purchased from Gibco (Paisley, Scotland). U937
cells were originally obtained from Dr M. Greaves (Imperial
Cancer Research Fund Labs, London) but an adherent
variant which arose spontaneously in this laboratory
(Matthews, 1985) was used in this study. All three of these
cell lines are susceptible to TNF cytolysis and TNF-resistant
variants were selected by culture in natural rabbit TNF
(Matthews & Watkins, 1978; Matthews, 1984). The resistant
variants have been pulsed regularly with TNF (originally
rabbit, latterly human) to prevent reversion to TNF
susceptibility. The relative susceptibilities to human TNF of
L929, U937 and their variants are shown in Figure 4. RK13
cells are susceptible to rabbit but not human TNF and
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RK13/R cells require 10-20 times the amount of rabbit TNF
for 50% cytolysis in comparison with RK13. P2 is a contact
inhibited, untransformed line of rat thyroid fibroblasts and
was kindly provided by Dr D. Wynford Thomas (Pathology,
University of Wales College of Medicine). This cell line, like
primary rat embryo fibroblasts, is not susceptible to TNF
cytolysis.
Cytolytic assay
Cells were plated (75p1 of 105mP-1) in 96-well microtitre
trays and the TNF was added in a 75 u1 volume. Concen-
trations given refer to the final culture volume. After 3 days
at 37°C the remaining, adherent viable cells were fixed and
stained with crystal violet. Dye uptake is proportional to the
number of remaining cells and was quantitated photo-
metrically by an ELISA reader. Percentage cytolysis was
calculated from the formula 100(a-b)/a, where a and b are
respectively the mean absorbances of triplicate wells without
or with TNF. This photometric assay is well established, has
been described in detail (Matthews & Neale, 1987) and
correlates well with other cytolytic assays (Flick & Gifford,
1984).
Gap junctions
The scrape loading method of El-Fouly et al. (1987) was
used with minor modifications. Cells were plated 24h
previously in 35 mm Petri dishes in 2ml volumes at
2 x l0 mlP- . After washing once in isotonic, phosphate-
buffered saline (PBS), 1.5 ml Lucifer yellow (Sigma Chemical
Co.) was added (0.5 mgml1 in PBS) and the cell monolayer
was scraped lightly with the tip of a micropipette to give
three parallel tracks, approx. 7 mm apart. The cells were left
for a further 2min at room temperature and washed five
times with PBS. Finally, 2ml PBS was added and the
monolayer was examined by means of a Leitz
epifluorescence microscope with a x 25 water immersion
objective.
Results
L929 is a long-established, transformed line of murine
fibroblasts which is plastic-adherent, not contact-inhibited
and susceptible to TNF cytolysis. Although L929 cells are a
heterogeneous population, the majority grow flattened to the
plastic and are elongated in appearance. Cells of the TNF-
resistant line, L929/R, are less spread and have a more
triangular appearance. Growth of L929 cells in L929/R-
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conditioned medium does not alter their shape; similarly
L929/R cells are unaltered by growth in L929-conditioned
medium.
On subculture, it is noticeable that L929/R cells are much
more strongly adherent than L929 and require prolonged
exposure to trypsin/EDTA to remove all the cells from the
surface of culture vessels. Table I summarises an experiment
which compares the adherence of L929 and L929/R cells
under standardised conditions. An additional, striking
difference between L929 and L929/R is their colonial
appearance. More than 99% of L929/R colonies are tightly
packed with smooth outlines and with the cells in close
contact with one another (Figure Ib). L929 colonies are
more heterogeneous; the majority are much larger, more
loosely packed and with ragged outlines (Figure la) although
a minority resemble L929/R colonies.
Are the ability to resist trypsin detachment and the
capacity to form tight colonies incidental attributes of TNF-
resistance or is there some more direct relationship? To test
the relationship between plastic adherence and TNF
susceptibility, a strongly adherent subpopulation of L929
cells was selected as follows. A confluent culture was
exposed to trypsin/EDTA as usual but the majority (>90%)
of the cells which detached easily were discarded and the
remaining adherent cells were re-fed with medium and
allowed to grow to confluency. After four further cycles of
selection, the strongly adherent subpopulation of L929 cells
(L929/ADH) was tested for TNF susceptibility. As shown in
Figure 2a, L929/ADH were more resistant to TNF killing
than the parental L929 cells but by no means as resistant as
L929/R cells. L929/ADH cells resembled L929/R in their
more triangular shape but not in their colonial appearance,
which was of the loose variety. However, these observations
do suggest that enhanced adherence to plastic does confer
some resistance to TNF cytolysis.
To test the possible relationship between colonial
appearance and TNF susceptibility, L929 cells were cloned
and colonies of the tight and loose varieties were selected
Table I Comparison of TNF-susceptible with
resistant cell lines for detachment from plastic
Experiment % cells after
no. Cell line trypsin/EDTA*
1 L929 7+2
L929/R 31 + 8
2 U937 7 + 3
U937/R 55 + 8
3 RK13 3 +1
RK13/R 13 + 3
Cells were cultured overnight in microtitre
trays (75,Ml amounts of 3 x 10iml-1, washed
once with PBS and triplicate cultures were
exposed to either 1001I PBS or 0.1% trypsin/
0.08% EDTA in PBS at room temperature. In
each experiment the trypsin/EDTA treated
susceptible cells were observed with an inverted
microscope, and when the majority had
detached the plate was shaken for 10 s on a
Dynatech microshaker, the detached cells
(susceptible and resistant) were pipetted off and
the remaining cells were fixed with
formaldehyde and stained with crystal violet.
The plate was read on the ELISA reader as for
the cytolytic assay and the percentage
remaining cells calculated by 100(a/b) where a, b
are the mean absorbance of wells with
respectively trypsin/EDTA and PBS. Results are
given as the mean + s.d. within a single
representative experiment. There was wide inter-
experiment variation in terms of the absolute
numbers of cells remaining after trypsinisation.
However, in four additional experiments, in
every case a significantly higher proportion of
resistant cells remained after trypsinisation.
and tested for TNF susceptibility. Eleven well separated
colonies were selected, four 'tight' and seven 'loose', and, as
shown in Figure 2b, tight clones were much more resistant
to TNF killing than loose clones. These results were
confirmed in a second independent experiment. Although the
tight colony and 'strongly adherent' phenotypes are relatively
TNF resistant, they were selected in the absence of TNF,
indicating that these phenotypic changes result in increased
TNF resistance. We do not know whether the L929/R cells
selected from parental L929 cells by exposure to TNF are
that subpopulation which has both the tight colony and
strongly adherent phenotypes or some other subpopulation.
L929 cells from different sources differ widely in their
TNF susceptibility and, even within the same laboratory,
L929 cells change in susceptibility with time in the absence
of any intentional selection pressure. It may be that this
relates to changes in the proportion of cells of tight and
loose type. For example, we noted that decreased TNF
susceptibility of L929 cells after 3 months of continuous
culture was associated with an increase in tight colonies to
about 50%.
Other cell lines were also. investigated to see whether the
phenomena described above are unique to murine L929 cells.
A plastic adherent variant of human U937 cells is another
TNF-susceptible cell line from which we have selected a
TNF-resistant cell line (U937/R). The adherent U937 cells
resemble L929 cells in shape but U937/R cells are thinner
and more elongated and are unlike L929/R cells. There are
also major differences in adherence between the U937
variants (Table I). In terms of colonial appearance U937 is
very loose and U937/R more compact (Figure lc, d). A third
TNF susceptible line, rabbit RK13 cells and its resistant
variant (RK13/R), was also studied. These lines also differ
from one another in appearance, with RK13/R being more
flattened to the plastic culture surface; in addition RK13/R
adheres more strongly (Table I). Unlike the other two
susceptible lines RK13 colonies are relatively tight, although
the cells do not appear to be in close contact with one
another (Figure le): RK13/R colonies are even more
compact- and the cells appear to be in close contact (Figure
If).
In all three examples studied the selection of TNF-
resistant variants is associated with increased adherence and
a more compact colonial morphology. Because resistant cells
grow in closer proximity to one another it may be that
intercellular communication plays some part in TNF
resistance. This could be mediated by products secreted
extracellularly or through intracellular mechanisms acting via
gap junctions. For example, resistant but not susceptible cells
may have functioning gap junctions. This possibility was
investigated by means of the recently described scrape
technique (El-Fouly et al., 1987). However, although both
L929 and U937 cells lacked gap junctions, so did their
resistant variants (Figure 3). Since intercellular
communication by gap junctions does not explain TNF
resistance, the role of extracellular products was examined.
In the first set of experiments, conditioned media from
resistant cells (L929jR or U937/R) were tested for inhibition
of TNF cytolysis of L929 or U937 cells and found to be
without effect (data not shown). Because a potential
inhibitory factor might have become too diluted in
conditioned medium, co-cultivation experiments were
performed as follows. Susceptible cells and their resistant
variants were mixed together in equal numbers and the
mixture was tested for TNF susceptibility. If there is no
interaction between the cells then the mixture should exhibit
intermediate susceptibility. If the resistant cells are secreting
a locally acting inhibitory factor then the mixture should
have the TNF resistance of the resistant partner. With U937
and U937/R cells, the mixture was intermediate in suscepti-
bility (Figure 4b), indicating that the resistant cells are not
secreting a locally acting TNF inhibitor. With L929 and
L929/R cells the mixture did have the TNF resistance of
L929/R cells (Figure 4a), indicating that L929/R cells releaseCELL MORPHOLOGY AND TNF 191
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Figure 1 Colonial morphology of(a) L929, (b) L929/R, (c) U937, (d) U937/R, (e) RK13 and (f) RK13/R. Cells were seeded at 102
to 103 per 75 cm2 flask and after 7-9 days were fixed with formaldehyde and stained with crystal violet. The horizontal line in (a)
indicates 200pM and this scale also applies to (b, c, d, e and f). (g) and (i) are taken at lower magnification and represent U937
and U937/R respectively. In (g) many of the U937 colonies are too large and diffuse to be seen clearly.
a TNF-inhibitory factor. However, this must be interpreted
cautiously, because after 3 days co-cultivation of L929 and
L929/R without TNF there were only half as many cells in
the mixture as expected and the majority of these resembled
L929/R cells. The most likely explanation for this is that the
L929/R cells are themselves producing TNF, which
eliminates the L929 cells. Indeed, it is well recognised that
some resistant L929 derivatives can produce TNF (Rubin et
al., 1986). Although we have been unable to detect TNF in
L929/R conditioned media enough may be produced to act
on neighbouring cells in co-culture. Obviously this
phenomenon complicates the interpretation of the experi-
ment and the data cannot be used to support the idea that
L929/R cells release a TNF inhibitor.
Discussion
L929 and L929/R cells are comparable in their suscepti-
bilities to cytotoxic drugs and antibody-dependent killing
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Figure 2 (a) Effect of TNF on (0) L929, (U) L929-ADH and
([O) L929/R cells. (b) Effect of TNF on L929 cells with colonies
of loose (0) or tight (0) type.
mechanisms, in their levels of antioxidants and their capacity
to bind TNF (Matthews & Watkins, 1978; Neale &
Matthews, submitted). We were therefore greatly surprised
to find such great differences in colonial morphology. These
differences were also apparent for U937 and U937/R and to
a lesser extent for RK13 and RK13/R. Among L929 cells
themselves there is some heterogeneity in colonial
morphology but again the loose colony types were more
susceptible to cytolysis, implying that the association
between loose colonial morphology and TNF susceptibility is
not fortuitous.
The tendency of TNF-resistant cells to remain in close
apposition to one another after cell division raises the
possibility that they are in communication with one another,
perhaps through gap junctions. However, like their
susceptible counterparts, L929/R and U937/R failed to form
gap junctions. Recently Fletcher et al. (1987) have pointed
out the correlation between TNF susceptibility and the lack
of gap junctions. Our work supports this, in that the
susceptible cells L929 and U937 do not form gap junctions
whereas P2 and rat embryo fibroblasts, which do form
junctions, are not susceptible. However, the correlation
obviously breaks down with L929/R and U937/R, which are
not susceptible yet do not have gap junctions. Although
communication by this mechanism does not apply to L929/R
and U937/R cells, they may communicate via extracellular
mediators, although we could find no evidence for this.
Further, in routinely measuring TNF susceptibility, the cells I1^ I_i ,_|. l_.
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Figure 3 Gap junction formation as revealed by the scrape technique with (a) L929, (b) L929/R, (c) U937, (d) U937/R. (e) P2
and (f) rat embryo fibroblasts. In each case, the 'scrape' occupies the upper half and below this there is a continuous sheet of cells.
In (a) to (d) only the cells at the edge of the scrape have taken up the dye and there is no transfer to adjacent cells, indicating
absence of gap junctions. The untransformed PS cells and rat embryo fibroblasts were included as positive controls as these cells
are known to form gap junctions and in (e) and (f) transfer of dye to adjacent cells can be clearly seen. The horizontal line in (a)
indicates 80 /M.
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Figure 4 Effect of co-cultivation of susceptible and resistant cells
on their susceptibility to TNF cytolysis. (a) 0, L929 alone; *,
L929/R alone; Ol, L929+L929/R. (b), 0, U937 alone; *, U937/
R alone; Ol, U937 + U937/R. In each case, there was a total of
7.5 x 104 cells per well.
are plated out at about the same intercellular distance as
seen in L929 and U937 clones, yet under these conditions
U937/R and L929/R are still resistant.
Taken together these observations suggest that it is not the
tendency of resistant cells to grow closely to one another
that is of importance in resistance but that this growth
pattern reflects some underlying mechanism which is critical
for TNF resistance. We do not know what this is but
speculate that it may be related to the cytoskeleton. Several
lines of circumstantial evidence point to this. Firstly, the
cytoskeleton plays a pivotal role in cell locomotion. The
large, loose colonies formed by L929 and U937 cells indicate
that these cells must be much more motile than their
resistant sublines. Secondly, the cytoskeleton controls cell
shape, which again differs between susceptible cells and their
resistant counterparts. Thirdly, the differences in plastic
adherence could have a cytoskeletal basis as the arrangement
of the extracellular matrix is determined by the orientation
of intracellular actin filaments (Hynes & Destree, 1978).
Finally, disruption of the cytoskeleton results in profound, if
not consistent, effects on TNF susceptibility (Darzynkiewicz
et al., 1984; Kull & Cuatrecasas, 1981; Ruff & Gifford,
1981). Differences in the composition or organisation of the
cytoskeleton of susceptible and resistant cells should be
revealed by immunocytochemistry and electrophoretic
analysis.
There are several different, although not necessarily
mutually exclusive, ideas on the mechanism by which TNF
directly kills tumour cells. For example, Oshawa & Natori
(1988) suggest that in susceptible cells TNF is proteolytically
degraded to a membrane active product. Certainly there is
good evidence that protease inhibitors can block TNF
cytolysis (Baglioni et al., 1987). Other studies have shown
that activation of phospholipase A2 is an essential step in
the cytolytic process (Neale et al., 1988; Suffys et al., 1987).
It is difficult to relate these reports to the observations
reported here. However, one possibility is that in TNF-
susceptible lines and their resistant counterparts, TNF
receptors are linked to different signal pathways and the lytic
mechanism is activated only in susceptible cells. Differences
in TNF receptor link-up in the two cell types could also
secondarily affect signalling by other growth factors,
resulting in differences in phosphorylation of proteins
regulating cytoskeletal organisation. This idea owes much to
current interest in signal modulation by oncogene products
and indeed further understanding of the mechanism of TNF
action will go hand in hand with advances in oncogene
research.
This work was supported by the Cancer Research Campaign.
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